1. Introduction {#sec1}
===============

The use of biomaterials has become increasingly important for the design of new medical devices, where it is extremely important to have a deep understanding of both its constitution and properties. In this regard, biocompatibility is a key aspect that should be always addressed. One of the materials recently proposed as a substrate for cell culturing is gold. In fact, several excitable cells have been successfully cultured on gold electrodes ([@bib29]; [@bib16]; [@bib6]; [@bib28]; [@bib32]; [@bib35]; [@bib7]; [@bib44]). However, to our knowledge, a systematical study of the effects of gold on the electrical properties of cells as well as a detailed study of its electrophysiological biocompatibility are still missing. In spite of this, there are some good reasons for using gold as a substrate: it is a noble metal that does not readily react with salts and molecules found in physiological solutions; it does not react with cellular material and it is a biocompatible material. Moreover, as has been shown in recent studies, it possesses interesting features that make it suitable for atomic force microscopy (AFM) studies of the morphological properties of cells at a molecular level (flat gold substrate Au(111)) ([@bib6]; [@bib36]; [@bib1]).

*In vitro* extracellular recording electrodes have been developed for over 30 years in order to study the electrophysiological processes occurring in both isolated and coupled excitable cells. This has led to a better understanding of the relationship between their electrical behavior and function, which in turn has allowed us to elucidate possible applications in other fields such as pharmacology. In recent years, there have been important efforts aiming to culture excitable cells on substrates containing metal tracks (biochips, microelectrode arrays) in order to perform extracellular recordings of their electrical signals. Gold, in its pure or modified state was among the most used metals in these experiments ([@bib29]; [@bib16]; [@bib6]; [@bib28]; [@bib32]; [@bib35]; [@bib7]; [@bib44]).

In general, cell cultures are grown on suitable substrates to ensure proper adhesion and cell proliferation. Normally, gold tracks are added to the recording electrodes to measure the electrophysiological behavior of cells ([@bib21]). A common variation of this technique consists in using gold spot electrodes instead of tracks. For this purpose, gold hemispheres have been designed to increase the contact surface between the recording electrode and the cell membrane ([@bib13]). These techniques have allowed both extracellular and intracellular recordings of the electrical signals and have shown promising results ([@bib11]; [@bib43]).

In summary, gold has proven to be an excellent electrical conductor for the recording of the electrical signals of cells. Moreover, evidence suggests that it does not have negative effects on cultured cells. Studies performed to discard harmful effects of gold were focused mainly on the morphology of the cells. In most cases, gold substrates were suitable for performing electrophysiological experiments at the cellular level ([@bib29]; [@bib6]; [@bib43]; [@bib25]; [@bib16]). For these reasons, a study of the possible effects of gold on the electrical properties of excitable cells is needed.

Voltage-clamp and current-clamp techniques have been extremely valuable for the electrophysiological characterization of excitable cells ([@bib18]; [@bib24]; [@bib31]). However, these techniques are known to have several important limitations that have been the subject of intensive research for decades. For instance, when studying cells with large membrane currents (I~m~) using the current-clamp technique, a voltage drop caused by I~m~ itself and the resistance originated by the electrolytic bath solution (in which cells are immersed during the experiments), introduce an undesirable error in the measurement of the membrane potential (V~m~) ([@bib31]; [@bib37]). This resistance is equivalent to an additional resistor in series between the cell and ground, which often results in an additional source of error when measuring V~m~, since the voltage measured in the current-clamp mode is, in fact, the sum of V~m~ and the voltage drop across the resistance of the electrolytic bath. This problem is accentuated when the membrane current (I~m~) increases significantly because it also increases the voltage drop across the bath solution ([@bib31]; [@bib37]). Another important limitation is that these techniques do not allow us to obtain simultaneous high-quality recordings (i.e. with good signal to noise ratio) of the action potentials and the underlying ionic currents ([@bib8]; [@bib2]; [@bib3]; [@bib4]; [@bib5]; [@bib9]; [@bib10]; [@bib30]; [@bib26]; [@bib41]). Recently, this limitation was overcome by using carbon nanotubes as a substrate for cell culturing ([@bib27]). In this work, we propose that gold substrates can be used instead of carbon nanotubes to perform simultaneous measurements of electrical activity and the underlying membrane currents. In addition, it is important to note that given the excellent conductivity of the gold substrate, it makes possible to eliminate the resistance produced by the electrolytic bath solution in electrophysiological studies.

This work is structured as follows. First, we investigated if the gold substrates used are suitable surfaces for cell culturing. Next, we evaluated the electrical response of the cells grown on the gold substrate by analyzing the voltage-dependent Na^+^ (I~Na+~) and K^+^ (I~K+~) currents, which are mainly responsible for the generation of action potentials. Then, we use the gold substrate as an electrode by connecting it to virtual ground, which ensures a zero voltage in the immediate vicinity of the cell membrane, thus preventing the flow of ions to ground through the bath solution, which introduce an error in the measurement of V~m~ in electrophysiological experiments. Finally, we show how the use of this electrode allowed us to perform simultaneous recordings of the electrical activity and the underlying ionic currents, which represents an important improvement over the standard patch-clamp and other similar techniques.

2. Material and methods {#sec2}
=======================

2.1. Gold substrate (Au(111)) {#sec2.1}
-----------------------------

Gold substrate (Gold Arrandee TM, Au(111)) was used for culturing NG108-15 cells ([Fig. 1](#fig1){ref-type="fig"}\*). The substrate area was about 1 cm^2^ and 0.8 mm thick. It was cleaned by immersion in pure water (milliQ) and subjected to ultrasonic treatment for 5 minutes in absolute ethanol. Gold substrate was electrically connected to a silver wire (AGT0510 WPI USA) of 30 mm length with carbon conductive paint (Pelco 16053, Ted Pella Inc., USA) to build the electrodes.Fig. 1Diagram of the experimental setup showing the two patch-clamp systems and the cells grown on the gold substrate. (C) Indicates the cell under study. Amplifier A1 was used to perform the standard voltage or current clamp experiments using a micropipette (M) while Amplifier A2 is used to maintain the gold substrate at virtual ground. (R) resistances, (C) capacitances, (T) 2N4401 transistor, (J) U430 FET transistor, (A, B, C) LF356 Op-Amp., (Rf) Current-voltage converter feedback resistance (100 MΩ), (I~m~) output current. Potentiometers in A: (a) is used to adjust the bias current to zero, (b) is used to improve the signal to noise ratio. Potentiometer (c) in B does the frequency compensation (increase the bandwidth in the current-voltage converter). \*Gold substrate with an area of 1 cm^2^. Structural details of a of 200 μm^2^ surface obtained by atomic force microscopy are shown (zoom). It consists of gold grains with a diameter of about 1--2 μm. Note that the grain surface is atomically flat.Fig. 1

The system was allowed to dry at room temperature for approximately 12 hrs. Electrical continuity between the silver wire and the gold substrate was verified and measured before usage. In order to achieve better mechanical support and electrical isolation, the connections and the silver wire were coated with Sylgard (SYLG184 WPI, USA). Then, it was placed on an electrical grid at a temperature of 60--80 °C for 5 minutes to accelerate the curing process. The substrate was sterilized (before being used for cell culturing) by autoclaving at 15 lbs., 140 °C for 20 minutes and then exposed to ultraviolet light for 5 minutes.

2.2. Cell culture {#sec2.2}
-----------------

The NG108-15 cell line was acquired from ATCC (Lot No. 58078652). NG108-15 cells were grown in monolayer cultures on plastic Petri dishes containing Dulbecco\'s Modified Eagle Medium (DMEM, Gibco, cat. 21063029) supplemented with 10% fetal bovine serum (FBS Gibco, cat No. 160000), 1% L-glutamine, 0.1 mM hypoxanthine, 400 nm aminopterin, 0.016 mM thymidine and 1% penicillin-streptomycin (GIBCO, cat. No. 15140) in a humidified incubator equilibrated with 5% CO~2~ and 95% air at 37 °C. Cells were subcultured 15--20 times before grown in both plastic Petri dishes (control) and on the gold substrates.

2.3. Cell culture on the gold substrate {#sec2.3}
---------------------------------------

The gold substrate was placed in a plastic Petri dish (Corning 35 mm). Supplemented DMEM culture medium was added until the substrate surface was covered. The substrate was then maintained at 37 °C in an atmosphere of 5% CO~2~ and 95% air for 2 hours before seeding. NG108-15 cells were placed onto the gold substrate at a density of 1 × 10^5^ cells/ml and afterwards were incubated for 4 days. The medium was replaced every 48 hours until the beginning of the electrophysiological experiments.

2.4. Atomic force microscopy (AFM) {#sec2.4}
----------------------------------

Studies of cell morphology were performed with atomic force microscopy (AFM, Nanoscope III Multimode SPM, Digital Instruments, Santa Barbara, California), in tapping mode, with AFM tips model TESP (f silicon: 325--382 kHz, k: 20--80 N/m, Veeco), at a scan rate of 0.5 Hz.

2.5. Scanning electron microscopy (SEM) {#sec2.5}
---------------------------------------

SEM Micrographs were taken with a scanning electron microscope (JEOL JSM-5900 LV). All the samples were fixed in 5% glutaraldehyde for 2 hrs and dehydrated in 20--100% ethanol. After drying using the critical point dryer, the samples were coated with gold. The SEM was operated at 15 kV accelerating voltage, with scattered electrons at a working distance of 25 mm. SEM images (500X amplification) were digitally processed to quantify the surface area of the cells cultured over both the gold substrates and petri dishes. Surface area was computed by segmenting the cells using a threshold value; then the noise was removed with an erosion procedure, followed by a closing process applied in order to fill the holes in the region of interest. Incomplete cells at the border regions of the images were manually removed.

2.6. Electrophysiology measurements {#sec2.6}
-----------------------------------

The electrical properties of the NG108-15 cells cultured in plastic Petri dishes and on the gold substrate were evaluated. An Axopatch 200A (Axon Instruments) amplifier in the whole-cell and current-clamp configurations was used to measure V~m~ and I~m~, respectively ([Fig. 1](#fig1){ref-type="fig"}). pClamp software (Axon Instruments) was used for stimulation control and data acquisition. Signals were acquired through a Digidata 1200 converter card (Molecular Devices, CA). Signal processing was performed in Clampfit 10.2 (Molecular Devices, CA) and GraphPad Prisma 5.0 (GraphPad Software Inc., San Diego, CA, USA). The sampling rate for the INa and IK was 20.4 kHz and 2.56 kHz respectively.

Pipettes (2--4 MΩ) were filled with intracellular solution containing (in mM) 10 NaCl, 140 KCl, 1 MgCl~2~, 11 EGTA and 10 HEPES adjusted to pH 7.2 with KOH. The bath electrolytic solution contained (in mM) 151.5 NaCl, 4.5 KCl, 2 CaCl~2~, 1 MgCl~2~, 5 HEPES (pH adjusted to 7.4 with NaOH). All reagents were obtained from Sigma Aldrich. Solutions were filtered using 0.2 μm filters. A comparative analysis of the resting potential (Vr), input resistance (Ri), membrane capacitance (C~m~) and voltage-dependent Na^+^ and K^+^ currents was performed in NG108-15 cells grown on plastic Petri dishes and on gold substrate. V~r~ was registered in current clamp mode with I = 0.

Membrane capacitance was obtained using the voltage step method as described elsewhere ([@bib23]; [@bib12]). The capacitive current through the cell membrane can be expressed as I~c~ = C~m~(dV~m~/dt). Integrating both sides of this equation we obtain ∫I~c~dt = C~m~∫dV~m~ = C~m~(V~m2~−V~m1~), wherein this case V~m1~ is the holding potential and V~m2~ is the voltage pulse applied to the cell. We used a small hyperpolarizing pulse (V~m2~ = −10 mV) in order to prevent the activation of the voltage-gated ionic currents and, as a result, to only obtain the transient capacitive currents (along with a linear ionic current that was completely eliminated). Once the transient capacitive current was obtained (see [Fig. 2](#fig2){ref-type="fig"}), the capacitance of the cell membrane (typically in the pF range) was determined as C~m~ = ∫I~c~dt/(V~m2~−V~m1~), where ∫I~c~dt is the area under the curve shown in [Fig. 2](#fig2){ref-type="fig"}. Ionic currents were normalized to cell capacitance in order to obtain the corresponding current densities, which allowed us to compare the ionic currents produced by the NG108-15 cells grown on the different substrates, regardless of the size of the cells. In these experiments, the bath solution was kept grounded. Results are presented as means ± SD. Student t-test was used to examine significant differences between groups means.Fig. 2The area under the curve (shaded) of the transient capacitive current (Ic) of the cell membrane of a NG108-15 cell elicited by a voltage pulse of −10 mV from a holding potential (Vh) of −70 mV.Fig. 2

The experimental arrangement described above was modified for a second series of experiments in which I~m~ was measured at all times regardless the patch-clamp configuration used (voltage or current-clamp). For this purpose, a second voltage-clamp system was constructed following the specifications of Hamill O. P. et al. ([@bib14]; [@bib34]). Special care was always taken to ensure that the bias current and the offset voltage were set to zero ([Fig. 1](#fig1){ref-type="fig"}). Thus, I~m~ was measured through the second voltage-clamp system regardless the settings used in the first amplifier (voltage or current-clamp mode). As shown in [Fig. 1](#fig1){ref-type="fig"}, Amplifier A1 was used in the whole-cell mode for voltage-clamp experiments where V~cmd~ indicates the voltage pulses applied to the cell and I~m~ is, in this case, the output of the Amplifier A1. When Amplifier A1 was configured in the current-clamp mode, V~cmd~ in [Fig. 1](#fig1){ref-type="fig"} indicates the current pulses applied to the cell while V~m~ would be the output of Amplifier A1. On the other hand, Amplifier A2 was used both to maintain the gold substrate in virtual ground and to measure I~m~ simultaneously. It is worth mentioning that this is possible because, in order to keep the gold substrate in virtual ground, Amplifier A2 injects a current of identical magnitude and temporal course of I~m~ but opposite in sign. Amplifier A1 was connected to the recording micropipette (M) while Amplifier A2 was connected to the gold substrate through a silver wire electrically isolated from the bath solution. This experimental design allowed us to measure I~m~ or V~m~ during voltage or current-clamp experiments through Amplifier A1, respectively. In addition, it was possible to simultaneously measure the course of I~m~ through Amplifier A2. Sampling rate for the simultaneous recording of V~m~ and I~m~ was 24.4 kHz.

3. Results {#sec3}
==========

3.1. Characterization of the cell culture {#sec3.1}
-----------------------------------------

To verify that gold is a suitable substrate for culturing NG108-15 cells, we evaluated the growth and the quality of the cellular material at different phases and conditions by monitoring the morphology of the cells ([Fig. 3](#fig3){ref-type="fig"}). The progress of cell growth in plastic Petri dishes and on gold substrate was monitored daily by optical microscopy (reflective mode, [Fig. 3](#fig3){ref-type="fig"}a and b, respectively). In particular, it is important to mention that cells cultured on gold substrate showed good adhesion which allowed them to proliferate to such extent that 100% confluence was reached in just 5 days. Qualitatively, no significant morphological differences between cells cultured in plastic Petri dishes and on gold substrate were observed. The size of the cells ranged between 16 to 25 μm. Well-adhered cells and dendrites growth were observed in both cultures ([Fig. 3](#fig3){ref-type="fig"}c,d,e,f). In addition, these cells showed regular and typical cell bodies which is consistent with previous reports about the morphological characteristics of the NG108-15 cells ([@bib38], [@bib39], [@bib40]). Areas measured from SEM images (500X) of cells cultured on Petri dishes (1.1264 × 10^3^ ± 0.292 × 10^3^ μ^2^, n = 112) and gold substrate (1.2675 × 10^3^ ± 0.289 × 10^3^ μ^2^, n = 63) did not show significant differences (p \< 0.05). Overall, these results, obtained by different microscopy techniques, show that morphologically, cultured cells are in good conditions and well adhered to the substrate, which is particularly important to obtain adequate electrophysiological measurements.Fig. 3Images of the NG108-15 cell culture obtained by optical microscopy at 4 days of cultivation in plastic Petri dishes (a) and on gold substrate (b). Morphological details are clearly observed in the SEM micrograph (c--d) and in the AFM image (e--f). Typical bodies, well-adhered cells and dendrites growth were observed in both cultures; the size of the cells ranged between 16 to 25 μm.Fig. 3

3.2. Comparison of the passive and nonlinear electrical properties of the NG108-15 cells cultured in plastic Petri dishes and on gold substrate {#sec3.2}
-----------------------------------------------------------------------------------------------------------------------------------------------

Passive electrical properties of the NG108-15 cells cultured were studied in order to identify the differences between cells grown in plastic Petri dishes and on gold substrate. Initially, the resting potential (V~r~) and input resistance (Ri) were analyzed in both substrates. V~r~ was measured using Amplifier 1 in current-clamp mode with the bath solution grounded (see Section [2.6](#sec2.6){ref-type="sec"}). Then, the cell was polarized to −60 mV by the injection of a DC current, where current pulses of different magnitudes were applied to produce changes in the membrane potential (ΔV~m~) ([Fig. 4](#fig4){ref-type="fig"}a). Voltage-current curves (ΔV~m~ - I~m~) were constructed and fitted by linear regression ([Fig. 4](#fig4){ref-type="fig"}c). Ri was then determined by the slope of the line fitted to the ΔV~m~ - I~m~ relation. The results obtained are summarized in [Table 1](#tbl1){ref-type="table"}. The average value of the V~r~ measured from cells cultured on gold substrate was slightly lower in comparison to the value obtained from the cells grown in plastic dishes. In contrast, the average value of the Ri of cells grown on gold substrate was larger than the one obtained in cells cultured in Petri dishes. It should be noted, however, that these differences were not statistically significant (p \> 0.05), which allows us to conclude that the gold substrate did not affect the Ri and the V~r~ of the cells. On the other hand, C~m~ is affected in a very significant way (p \< 0.01), being lower in the cells cultured on gold. As can be seen in Figs. [3](#fig3){ref-type="fig"}b and [4](#fig4){ref-type="fig"}a, depolarizing current pulses (+i) produced a nonlinear response of the V~m~ in cells cultured on both plastic Petri dishes ([Fig. 4](#fig4){ref-type="fig"}a) and on gold substrate ([Fig. 4](#fig4){ref-type="fig"}b). In addition, it can also be observed that the shape and magnitude of the slow depolarizing-repolarizing NG108-15 voltage wave produced were similar in both cases.Fig. 4Current pulses applied to the cell and the associated changes in V~m~. a) Typical slow membrane potential recording obtained from cells grown on plastic Petri dishes (control). Hyperpolarizing (-i) and depolarizing (+i) current pulses were applied. The hyperpolarizing pulses produced linear changes in V~m~ while the depolarizing pulses produced a nonlinear response of V~m~, often triggering the appearance of action potentials. b) The same protocol of current pulses was used for cells grown on gold substrate. In this case, an induced cell threshold depolarization shows a slow depolarizing-repolarizing NG108-15 voltage wave. Cells grown on both Petri dishes and gold substrate displayed slow membrane potentials when depolarizing current pulses were applied. c) The ΔV~m~ - I~m~ relation was obtained by plotting the asymptotic value of V~m~ against the magnitude of the corresponding hyperpolarizing pulses (-i = I~m~), in the range where ΔV~m~ shows a linear behavior. The ΔV~m~ - I~m~ relation was then fitted using linear regression to obtain Ri, which is given by the slope of the fitted line.Fig. 4Table 1Passive and nonlinear electrical properties of NG108-15 cells cultured on conventional plastic Petri dishes and on gold substrate (\*\*denotes very significant differences p \< 0.005, the rest of the experiments show no significative differences p \> 0.05).Table 1Plastic Petri dishGold substrateV~r~ (mV)−30.1 ± 7.21, n = 18−26.2 ± 15.5, n = 25Ri (MΩ)110.6 ± 78.57, n = 14201.4 ± 179.78, n = 20C~m~ (pF)119.9 ± 64.1, n = 1041.6 ± 22.0, n = 10\*\*

Voltage dependent Na+ and K+ currents (I~Na+~ and I~K+~, respectively) were recorded in cells grown in both plastic Petri dishes and gold substrate using Amplifier A1 in voltage-clamp mode with the bath solution grounded (described in Section [2.6](#sec2.6){ref-type="sec"}). I~Na+~ and I~K+~ were elicited by 10 and 100 ms depolarizing pulses, respectively. Due to the rapid activation of I~Na+~ and the slow activation of I~K+~, it was possible to measure the Na^+^ peak currents without the need of selective blockade of the K^+^ current. Similarly, when the K^+^ peak current is reached, the Na^+^ current is fully inactivated already, which indicates that the K^+^ peak current is not affected by the Na^+^ current. This is demonstrated in [Fig. 5](#fig5){ref-type="fig"}, where both currents (recorded separately) are shown superimposed (Na^+^ solid line and K^+^ dashed line). The inward Na^+^ current was recorded by replacing K^+^ by Cs^+^ in the pipette solution in order to block the K^+^ current. Similarly, the K^+^ current was isolated by adding Tetrodotoxin (600 nM) to the bath solution.Fig. 5Peak Na^+^ and K^+^ currents can be recorded without selective blockade of the Na^+^ and K^+^ currents respectively. Na^+^ (solid line) and K^+^ (dashed line) currents were elicited separately and are shown superimposed. Both currents were elicited by the voltage protocol showed above. The inward Na^+^ current was recorded by replacing K^+^ by Cs^+^ in the pipette solution in order to block the K^+^ current. Similarly, the K^+^ current was isolated by adding tetrodotoxin (600 nM) to the bath solution. The numbers above indicate the depolarization of the membrane from a V~h~ = −70 mV.Fig. 5

Results of the voltage-clamp experiments performed in cells cultured in Petri dishes are shown in [Fig. 6](#fig6){ref-type="fig"}. Negative fast-inactivating currents showing the characteristic behavior of Na^+^ currents (I~Na+~) are displayed in [Fig. 6](#fig6){ref-type="fig"}a. The peak I~Na+~ -- V~m~ relation ([Fig. 6](#fig6){ref-type="fig"}b) was used to determine the maximal Na^+^ conductance for each value of V~m~ (g~Na+~ = I~Na+~/(V~m~-V~Na+~)), where V~Na+~ = 68 mV is the reversal potential of Na^+^ ([Fig. 6](#fig6){ref-type="fig"}c). A Boltzmann function was fitted to the resulting data points yielding a set of parameters ([Table 2](#tbl2){ref-type="table"}) that characterize the Na^+^ current and the Na^+^ ionic channels ([@bib18]). The same procedure was used to analyze the K^+^ current with a reversal potential V~K+~ = - 86 mV. However, due to its slower activation process, longer depolarizing pulses (100 ms) were applied (see Section [2.6](#sec2.6){ref-type="sec"}). It should be noted that, as mentioned above, measurements of I~K+~ were not contaminated by the Na^+^ current since the inactivation process of I~Na+~ is much more rapid than the activation process of I~K+~ (see [Fig. 5](#fig5){ref-type="fig"}). In general, we can say that the behavior observed in [Fig. 6](#fig6){ref-type="fig"} is similar to that previously reported in NG108-15 cells by other groups ([@bib19]; [@bib22]; [@bib42]). The same experiments and analyses were done in cells cultured on the gold substrate. The Na^+^ and K^+^ currents produced by the same voltage-clamp protocol shown in [Fig. 7](#fig7){ref-type="fig"}, as well as the corresponding current-V~m~ and conductance-V~m~ relations are displayed in [Fig. 7](#fig7){ref-type="fig"}. It can be seen that both currents were similar to those observed for cells grown in plastic Petri dishes; that is, I~Na+~ presented both rapid activation and inactivation processes and I~K+~ showed a slow activation and a complete absence of inactivation (compare Figs. [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). Moreover, the conductance--V~m~ relations (see [Fig. 7](#fig7){ref-type="fig"}c and f), as well as the parameters obtained from the fitting procedure ([Table 2](#tbl2){ref-type="table"}), were also similar. It is worth mentioning that to be able to compare the registered currents in cells grown on plastic Petri dishes and on gold substrate, we use the current densities obtained by normalizing the measured current to the cell capacitance (since the cell capacitance is proportional to the cell area). The parameters obtained from the fitting procedure of Boltzmann functions to the conductance-V~m~ relations were also compared in order to identify possible differences in the electrical response between the cells of both cultures.Fig. 6Voltage clamp experiments in cells cultured on plastic Petri dishes. a) Na^+^ currents elicited by 10-ms depolarizing pulses (−60 to 10 mV) from a holding potential of −70 mV. b) I~Na+~ vs. V~m~ curve. c) g~Na+~ vs V~m~ curve and the fitted Boltzmann function (smooth curve). d) K^+^ currents evoked by the same protocol used in a) but using 100-ms pulses. e) I~K+~ vs. V~m~ curve. f) g~K+~ vs. V~m~ curve and the fitted Boltzmann function (*n* = 10). In b, c, e, and f data are presented as mean ± SD.Fig. 6Fig. 7Voltage-clamp experiments in cells cultured on gold substrate. a) Na^+^ currents elicited by 10 ms depolarizing pulses (−60 to 10 mV) from a holding potential of −70 mV. b) I~Na+~ vs. V~m~ curve. c) g~Na+~ vs V~m~ curve and the fitted Boltzmann function (smooth curve). d) K^+^ currents evoked by the same protocol used in a) but using 100 ms pulses. e) I~K+~ vs. V~m~ curve. f) g~K+~ vs. V~m~ curve and the fitted Boltzmann function (*n* = 10). In b, c, e, and f data are presented as mean ± SD.Fig. 7Table 2Parameters of the Boltzmann functions (Y = Bottom) + (Top-Bottom)/(1 + exp (V~50~−V~m~)/Slope)) fitted to the conductance-V~m~ relations. No significant differences between the cells grown in Petri dishes and on gold substrate were detected in the parameters obtained from the fitting procedure of the conductance-V~m~ relations of the Na^+^ and K^+^ currents (no significative differences p \> 0.05 for all parameters).Table 2Best-fit valuesControl (Petri dishes)Gold substrateg~Na+~-V~m~ (n = 10)g~K+~-V~m~ (n = 10)g~Na+~-V~m~ (n = 10)g~K+~-V~m~ (n = 10)Bottom0.000.000.000.00Top0.21 ± 0.140.26 ± 0.090.35 ± 0.320.36 ± 0.19V~50~−17.60 ± 4.89−2.40 ± 1.58−20.75 ± 4.09−1.80 ± 8.54Slope7.52 ± 2.727.40 ± 1.586.98 ± 2.308.90 ± 2.21

So far, we found no significant differences between the cells cultured on plastic Petri dishes and on gold substrate, although C~m~ is in fact affected in a very significant way. In the next section, we show that it is possible to use a gold substrate to perform electrophysiological measurements in NG108-15 cells, allowing us to record action potentials (through the recording pipette) and the underlying ionic currents (recorded through the gold substrate) simultaneously. The relevance of this methodology based on the proposed experimental technique is discussed below.

3.3. Recording the membrane current through a second voltage-clamp system {#sec3.3}
-------------------------------------------------------------------------

All the previous current and voltage-clamp experiments were carried out using the standard electrophysiological techniques; that is, with the recording micropipette connected to Amplifier 1 and the bath solution grounded. From now on, electrophysiological measurements were performed using a modified technique consisting in the establishment setting the gold substrate as virtual ground while measuring the ion currents through the second voltage-clamp system (Amplifier A2, [Fig. 1](#fig1){ref-type="fig"}). Initially, voltage stimuli were applied through Amplifier 1 configured in the whole-cell mode. Brief (10 ms) subthreshold voltage pulses were applied (from a holding potential of −70 mV to −50 mV) in order to observe only the leakage and fast capacitive currents. This is shown in [Fig. 8](#fig8){ref-type="fig"}A, where the fast-capacitive currents evoked at the beginning and at the end of the voltage pulse can be observed. It should be noted that the leakage current was undetectable. The current simultaneously measured through the gold substrate connected to Amplifier 2 is displayed in [Fig. 8](#fig8){ref-type="fig"}B. Notice the similarity between the current traces obtained through both amplifiers. This can be clearly appreciated in [Fig. 8](#fig8){ref-type="fig"}C were both traces are shown overlapped. Next, a depolarizing pulse of a greater magnitude (to 0 mV from a holding potential of −70 mV) were applied through Amplifier 1 to elicit the voltage-dependent Na^+^ current ([Fig. 8](#fig8){ref-type="fig"}D). The current measured simultaneously through Amplifier 2 is also shown in [Fig. 8](#fig8){ref-type="fig"}E. The similarity between the two measurements can be clearly observed in [Fig. 8](#fig8){ref-type="fig"}F where both current traces are shown superimposed. It is noteworthy that Amplifier 2 faithfully follows the capacitive currents while I~Na+~ is measured with the Amplifier 1. Both are very rapid currents, and the proposed technique allowed us to obtain recordings with a good signal to noise ratio. The same results were obtained when long depolarizing pulse (100 ms) were applied to elicit and record I~K+~ (not shown).Fig. 8A) Membrane current (I~m~) evoked by a subthreshold voltage clamp pulse from a holding potential V~h~ = −70 mV to a membrane voltage of −50 mV. Only capacitive currents were observed as indicated by the transient currents observed at the start and the end of the pulse. The current was registered through the amplifier A1. B) Membrane current simultaneously recorded through the amplifier A2. C) Currents shown in (A) and (B) are displayed superimposed (solid and dotted lines, respectively). D) A greater depolarizing pulses (to 20 mV) was applied to evoke the Na^+^ current (I~Na+~). Both capacitive transient currents and the inward Na^+^ current was observed. E) Current measured simultaneously through the amplifier A2. F) Currents measured through Amplifiers A1 (solid) and 2 (dashed line) are shown superimposed. Note that in D), E) and F), the capacitive currents were truncated to highlight the temporal course of I~Na+~.Fig. 8

3.4. Simultaneous measurements of the membrane potential and the membrane current {#sec3.4}
---------------------------------------------------------------------------------

By using Amplifier A1 in the current-clamp mode and Amplifier A2 in voltage-clamp mode, while maintaining the gold substrate in virtual ground, we were able to apply current pulses and to measure the membrane potential through Amplifier A1, while at the same time, being able to measure the membrane current through Amplifier A2. Typical recordings of these simultaneous measurements of V~m~ and I~m~ are shown in [Fig. 9](#fig9){ref-type="fig"}. In the experiment shown in [Fig. 9](#fig9){ref-type="fig"}a, a negative current pulse (\*) was used (blue line), resulting in the hyperpolarization of the membrane potential as expected (red line). In this particular case, the stimulating current pulse was not capable of triggering the firing of an action potential. On the other hand, when a positive current pulse (\*) was applied (as indicated by the blue line in [Fig. 9](#fig9){ref-type="fig"}b), the membrane was depolarized, eventually reaching a threshold value where an action potential was produced (red line). The simultaneous measurement of the membrane current (blue line) shows the positive current pulse (\*) followed by the biphasic response of the membrane currents produced by the action potential. In [Fig. 9](#fig9){ref-type="fig"}c, a temporal magnification of 9b is shown, where it is possible to discriminate between the stimulating current pulse and the temporal course of the ionic currents underlying the action potential. In [Fig. 9](#fig9){ref-type="fig"}d, a stimulating current pulse of 100 ms was imposed, which allowed us to observe I~K~^+^ and I~Na~^+^ added to the stimulus current pulse. In [Fig. 9](#fig9){ref-type="fig"}e, where a temporal magnification of [Fig. 9](#fig9){ref-type="fig"}d is shown, it is possible to observe the stimulating pulse and the ionic currents underlying the action potential. This biphasic behavior is produced firstly by the inward (negative) Na^+^ current, followed by the outward (positive) K^+^ current. As expected, the depolarization and repolarization phases of the action potential (red line) are associated to the Na^+^ and K^+^ currents respectively. The fast I~Na+~ that originates the depolarizing phase of the action potential shows a typical behavior. On the other hand, I~K+~ is only activated transiently, not being maintained during the repolarization phase. These results highlight the advantages of using the methodology here proposed over the conventional techniques, which only enable us to measure the membrane potential and not the underlying membrane currents.Fig. 9Simultaneous measurement of I~m~ and V~m~. V~m~, recorded through the pipette using Amplifier A1 is shown in red. I~m~ (blue line) was registered through the gold substrate using Amplifier A2. The asterisk (\*) indicates the current stimulus applied. a) A negative current pulse (−4.9 nA, 1 ms) produced membrane hyperpolarization, preventing the appearance of action potentials or voltage-dependent activation of the ionic currents (V~r~ = −47 mV). b) A positive current pulse triggered the firing of an action potential. The biphasic signal shown after the stimulating pulse are the currents producing the action potential (V~r~ = - 65 mV). c) is a temporal magnification of b) which allowed us to discriminate between the stimulating pulse and the ionic currents underlying the action potential. d) A positive stimulating current pulse of 100 ms where I~K+~, I~Na+~ currents are added to the stimulus current pulse. e) Temporal magnification of d) which allowed us to observe the stimulating pulse and the ionic currents underlying the action potential. Note that the stimulation current were truncated in all traces.Fig. 9

4. Discussion {#sec4}
=============

Images in [Fig. 3](#fig3){ref-type="fig"} show a qualitative characterization of NG108-15 cells grown on the plastic Petri dish and on the gold substrate, where cytoplasmic extensions and regular somas can be observed. It can be seen in the AFM images, the gold substrate does not seem to interfere with the topography nor with the shape and distribution of the cultured cells. Areas measured from SEM images (500X) of cells cultured on Petri dishes and gold substrate did not show significant differences. However, membrane capacitance measurements (C~m~) indicate that the surface area of cells cultured on gold substrates is significantly lower when compared to that of cells cultured on Petri dishes. This effect could be due to the presence of a higher quantity of small cytoplasmic projections (filopodia) that would be increasing the area of the cells cultured on Petri dishes. In other words, the number of filopodia would be affected by gold but not the soma size, since the soma area showed no significant difference with respect to the cells cultured on Petri dishes. Due to the great variability in sizes of the NG108-15 cells it was necessary to report the results of the currents in terms of their density, where it is presumed that the ion channels are distributed on the cell surface that includes the filopodia ([@bib15]; [@bib33]).

When analyzing the passive electrical properties of the cells (i.e. Ri and V~r~), we did not find significant differences between the two substrates evaluated. Regarding the production of action potentials, the NG108-15 cells did not show a homogeneous behavior. For instance, control cells presented mostly slow depolarizing-repolarizing voltage waves while rapid action potentials were only observed occasionally. It is important to mention that, in our experience, Na^+^ and K^+^ ionic currents, as well as the quality and magnitude of action potentials depended heavily on the culture time. However, if cell cultures were maintained longer, dendritic like processes started to grow and the voltage clamp quality decreased. For this reason, our cell culture lasted only 4 days. During this culturing period cells grown on Petri dishes and on gold substrates exhibited different kinetics and low amplitude action potentials.

Cells grown on both surfaces also exhibited similar electrical characteristics. This was shown through a quantitative analysis of the behavior of the nonlinear voltage-dependent ion channels, which consisted in analyzing the conductance-V~m~ curves by fitting a Boltzmann function in order to characterize the ionic currents underlying the firing of action potentials ([@bib17]). We did not find significant differences between the fitting parameters obtained from the K^+^ and the Na^+^ currents obtained from cells grown on the plastic Petri dishes and on the gold substrate. These results allow us to conclude that the gold substrate do not affect the ionic currents underlying the action potentials.

One of the most important problems found during an electrophysiological experiment is the voltage drop across the resistance produced by the bath solution (grounded) where cells are immersed. Although special designs of current-clamp amplifiers can solve this problem partially, it would be solved entirely if there were a good electrical conductor (as gold) grounded in the immediate vicinity of the cell membrane instead of the electrolytic bath solution. This would reduce the resistance considerably by allowing the membrane current to flow directly to ground through the electrical conductor and not through the electrolytic bath solution. In this work, we solved this problem by using the gold substrate as an electrode to ground.

The use of a gold substrate along with two voltage-clamp systems, one in the conventional manner and the other keeping the gold substrate in virtual ground has several advantages. One of the most important is that such a setup allows us to measure I~m~ through the second amplifier regardless if the experiment is conducted in the voltage or current-clamp mode. In addition, a key aspect of this experimental configuration is that it makes possible the simultaneous measurement of the action potentials and the underlying ionic currents without the need of a special amplifier. The latter problem had been partially solved by other approaches ([@bib8]; [@bib2]; [@bib3]; [@bib4]; [@bib5]; [@bib9]; [@bib10]; [@bib30]; [@bib26]; [@bib41]; [@bib17]; [@bib20]). Very recently, it was fully solved by using carbon nanotubes (maintained at virtual ground) as a substrate for cell culturing ([@bib27]).

Here, we showed that gold substrate is a suitable and effective alternative to the carbon nanotubes with the advantage that gold, by being an excellent electrical conductor, allows the reduction of the resistance observed in electrophysiological experiments. It should be noted, however, that in contrast to what was observed in cells grown on carbon nanotubes, patch-clamp experiments are a bit more difficult to perform on gold substrate due to its opaque surface and its relatively lower adhesivity. The former problem could be solved by using the appropriate lighting conditions, and the latter by using biomolecules such as Poly-L-lysine. It is worth mentioning that with the methodology proposed, cell adhesion requires short culturing periods (a day), and not 4 days as in this work.

These results support the idea of using gold substrates as a suitable material for both electrophysiological and morphological studies of cells, although the experimenter must be aware of the possible effects of gold on the cellular morphology. These effects can be minimized by adopting short culturing periods (from hours to a day) or by the deposition of biological molecules on its surface to promote the adhesion and wellbeing of the cells on the gold substrate.

5. Conclusions {#sec5}
==============

By being inert, conductive and atomically flat, gold substrate poses important benefits over other conventional substrates for cell culturing, design and construction of electrophysiological instrumentation as well as for AFM and SEM studies.

In this work, we observed that NG108-15 cells grown in gold substrates exhibited a typical morphology and that they were suitable to perform further electrophysiological studies, although it should be noted, however, that depending on the culture time used, gold might affect the growth of filopodia. Besides, the electrophysiological properties of these cells, acquired through conventional patch-clamp techniques, showed no significant differences in respect to the controls, although significant differences were found in C~m~. Additionally, we propose that gold substrate should be used when it is or great importance to eliminate the resistance produced by the electrolytic bath (e.g. when studying cells with large current densities).

On the other hand, by using a second amplifier to maintain the gold substrate as virtual ground, it was possible to measure V~m~ and I~m~ simultaneously with a good signal to noise ratio and, even more, without interrupting the normal development of the action potential. We think that this simultaneous recording technique can be a useful tool for electrophysiological studies like those involved in the identification of specific ionic currents underlying the firing of action potentials, which is still a subject of intensive research (see for instance Refs. [@bib2], [@bib5], [@bib9], [@bib41]). Moreover, the proposed methodology may allow the direct observation of the effects of pharmacological agents or modulators on action potentials and the underlying ionic currents simultaneously.
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